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Viruses catch an endocytic ride into the cell
 
ometimes the story is in knowing how to connect the
dots (or electron micrographs). In 1978, Ari Helenius
took his laboratory—which had already made a name
for itself in isolating and characterizing membrane proteins—
in a new, cellular direction. He emerged with a biological
storyboard composed of electron microscopy (EM) snapshots.
Helenius wanted to figure out how viruses enter cells—
an important question from the literature—but admits that
starting out he “didn’t have the mindset of a cell biologist.”
The individual results of those first experiments following
Semliki Forest virus (SFV) into cultured mammalian cells by
immunofluorescence and EM were clear, Helenius says, “but
I couldn’t put them in context.”
A meeting in Berlin in the spring of 1978 helped
change his perspective. There he rubbed elbows with “the
big cell biology crowd,” including George Palade, Chris-
tian de Duve, Michael Brown, and Joseph Goldstein and
got a “five-day infusion” of current cell biology thinking.
“I came back to lab and a few weeks later in one single
moment on a Thursday afternoon at about 5:15 everything
fell into place.”
What Helenius could now see in his data was that SFV
entered the cell through clathrin-coated pits and continued on
by endocytosis to lysosomes (Helenius et al., 1980). By
treating the cells with chemicals that raised the pH of the
lysosome, the team also showed that the acidic pH of the
endocytic vacuoles was needed to induce the fusion that
released the virus into the cytoplasm of the cell.
“Everyone thought this was a dead-end, degradative
pathway,” says Judith White, who joined the lab as a post-
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doc shortly after the work. “This
work was so good it finally con-
vinced people.” The work also set
off a number of major new re-
search initiatives. Several labs went
on to explore how other viruses enter
cells and collectively found that about two-thirds of ani-
mal viruses use the same endocytic pathway and similar
overall mechanisms.
The paper’s in vitro section showed that adding acid to
a preparation of liposomes and isolated SFV induced fusion.
This inspired a new lab system for studying synchronized
membrane fusion events (White et al., 1980). In addition, the
observation that SFV entered the cell’s cytoplasm before
actually reaching the lysosome hinted that another slightly
acidic compartment existed between the plasma membrane
and the lysosome. A few years later, the Helenius lab defined
that compartment as what would come to be known as the
late endosome (Marsh et al., 1983).
But above all this, the paper bolstered the idea that
most fascinates Helenius: viruses have evolved a number of
sophisticated strategies to exploit the functions of their host.
“They are microscopic Trojan horses,” he says. “Using
information they have incorporated into their structure over
millions of years of coevolution, viruses know the cellular
passwords and pin codes.” 
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What the cytoskeleton really looks like
 
he late 1970s brought the
discovery that nonionic deter-
gents such as Triton X-100 could
extract most cell components and leave
behind the insoluble cytoskeleton. “Just
making cytoskeletons and naming them
was brand new,” recalls John Heuser
(Washington University in St. Louis,
MO). He credits the efforts of James Spu-
dich, Susan Brown, and Klaus Weber
for perfecting the structure’s isolation.
But the favored EM technique at
the time—involving thin sectioning of
samples embedded in plastic—was
nearly impossible with the gossamer
skeletons. And air-drying for negative
staining caused them to collapse into
a two-dimensional jumble. So Heuser
tried a new approach: freeze-drying
samples in a vacuum, where the solid
water would just evaporate straight
to the gas phase, thus removing the
surface tension of air-drying.
“Good freeze-drying just requires
good, rapid freezing with little time for
ice crystals to form,” Heuser explains.
He had already perfected the use of his
“slammer freezing machine”—a tech-
nique that quickly froze cell prepara-
tions by smashing them against a cold
copper block—to capture the rapid
kinetics of synaptic vesicle exocytosis
(Heuser et al., 1979). And when he
and Marc Kirschner decided to try the
technique on cytoskeletons, along with
coating the dried sample in platinum to
make a high-contrast replica, the result
was a highly detailed, three-dimen-
sional view of the cytoskeletal filaments
(Heuser and Kirschner, 1980).
“In my view, this shows exactly
what the cytoskeleton looks like,” says
Don Cleveland (University of California,
San Diego, CA). Cleveland explains
that with the advent of indirect immuno-
fluorescence around 1975, the trend
was to look at the thinnest, most two-
dimensional cells possible. This paper,
along with Keith Porter’s on the struc-
ture of cytoplasm (Wolosewick and
Porter, 1979; see “‘Porterplasm’ and
the microtrabecular lattice” 
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Heuser and Kirschner’s study also
showed that the major components of
the cytoskeleton—microtubules, actin
filaments, and intermediate filaments—
could each be identified based solely
on their ultrastructural appearance. The
method proved useful for “seeing” all
manner of cellular phenomena, includ-
ing, notably, clathrin-coated pit forma-
tion  (Heuser, 1980), the budding of
COPI-coated vesicles from Golgi
(Weidman et al., 1993), and the dy-
nein arm powerstroke (Goodenough
and Heuser, 1982).
The cytoplasmic connections be-
tween elements of the cytoskeleton
hinted at by the work were further solid-
ified when Gary Borisy’s lab added
immunogold labeling to the quick-
freeze, deep-etch EM technique. The
study identified plectin as a cross-linking
A freeze-dried fibroblast cytoskeleton includes stress fibers (SF), microtubules (MT) 
and polyribosomes (R).
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molecule between intermediate fila-
ments and both microtubules and actin
filaments (Svitkina et al., 1996). In
hindsight, Heuser says, perhaps the
name “cytomuscle” would have been
more appropriate than cytoskeleton
since “the filaments are responsible for
cell movement and are not just the
‘bare bones’ of a skeleton.” 
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